Granulocyte-macrophage colony-stimulating factors (CSFs) have previously been shown to stimulate.colony formation in soft agar culture by a human myelogenous leukemia cell line known as KG-1. Wehave used KG-1 cells as a model system to investigate the interaction of CSF with myeloid cells. We now report that exposure of KG-1 cells to human CSFs in liquid culture results in a rapid (within 3 hr) burst of RNA synthesis and, after a lag of about 10 hr, a stimulation of DNA and protein synthesis. RNA and protein synthesis were maximally stimulated about 2-fold and DNA synthesis was stimulated about 2.5-fold. The stimulation was specific; various growth factors, hormones, and mouse CSFs ad no effect on KG-i macromolecular synthesis. Treatment with CSF did not discernibly alter the morphological appearance of the KG-1 cells (primarily myeloblasts) nor did it qualitatively affect the pattern of newly synthesized proteins separable by one-and two-dimensional electrophoresis. Several myeloid leukemia cell lines that were not responsive to CSF in agar culture, including a dedifferentiated variant of KG-i, showed little or no stimulation of macromolecular synthesis upon exposure to CSF. We have used the CSF-dependent stimulation of macromolecular synthesis of KQ1 to develop a rapid, sensitive microassay for human CSFs. The assay, involving thymidine incorporation by the cells, should be useful for characterization and purification of human CSFs. The technique of cloning hematopoietic cells in semisolid culture systems has provided the principal means for exaning mechanisms involved in the production of mature granulocytes and macrophages from their progenitor cells (1, 2). Studies using the technique have shown that the in vitro proliferation and differentiation of progenitors is dependent on the presence of a family of proteins termed colony-stimulating factors (CSFs) (3, 4), and evidence is accumulating that CSFs function in the regulation of granulopoiesis in vivo (4). The CSFs from a number of mouse and human sources, including leukocytes (5), placenta (6), lung (7, 8) , urine (9), and various cell lines (10-12), have been examined, and it is becoming clear that there are distinct CSF subclasses differing in physical and biological properties (13). Resolution of uncertainties concerning the structural and functional interrelationships between various CSFs will probably require their isolation. At present, we have little understanding of how CSF specifically triggers proliferation and differentiation of granulocyte-macrophage progenitors. A major problem has been our inability to isolate the progenitors, making it difficult to examine the intracellular events that accompany stimulation by CSFs. For example, only about 0.05% of normal human bone marrow cells respond to CSF by forming granulocyte and macrophage colonies in vitro.
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In this report we present experiments that use a human myeloblast cell line, KG-1, to examine certain aspects of CSF action. The KG-i line was derived from a patient with acute myelogenous leukemia, and human CSF has previously been shown to stimulate KG-1 cells to form colonies in vitro in soft agar culture (14). CSFs. Human placental-conditioned medium (6) , phytohemagglutinin-stimulated peripheral blood leukocyte-conditioned medium (5) , and conditioned medium from a human T-lymphocyte cell line, termed Mo (12) , were all prepared essentially as described. Unless otherwise stated, experiments were performed by using a partially purified preparation of CSF from the Mo T-lymphocyte cell line. The CSF was purified from Mo-conditioned medium by a combination of gel filtration chromatography and DEAE-Sephadex chromatography, and the final preparation had a specific activity of about 2 X 105 units/mg of protein (1 unit = 1 colony per 105 light-density human bone marrow cells separated on Ficoll-Hypaque). CSF from the uteri of pregnant mice was prepared as described (17) .
Bioassays for CSFs. Colony formation assays for CSFs were performed by a two-layer agar technique (18) . The (Fig. 1) . Thereafter, incorporation decreased gradually, approaching control levels after 3 days.
Synthesis of DNA and protein was also stimulated by CSF, but with a lag of about 10 hr. As measured by incorporation of radioactive thymidine, the synthesis of DNA was stimulated nearly 3fold after 24 hr, and it remained significantly above control levels for at least 5 days (Fig. 1) . As measured by incorporation of radioactive leucine, maximal protein synthesis was observed after 24 hr, decreasing gradually thereafter.
By use of one-or two-dimensional electrophoresis there were no discernible qualitative differences in the pattern of proteins synthesized by KG-1 in the presence and absence of CSF (Fig.  2) . Comparison of spots obtained after two-dimensional electrophoresis was simplified by superimposing individual autoradiograms.
No attempt was made to analyze possible small changes in the intensity of spots as a result of CSF treatment. We conclude that exposure to CSF must result in a general nonspecific stimulation of protein synthesis. Other leukemic cell lines that were only weakly stimulated by CSF (listed in Table 2 ) also showed no major changes in the pattern of proteins synthesized after exposure to CSF (data not shown).
Several sources of human CSFs, including placental-conditioned medium, a human T-lymphocyte cell line-conditioned medium, and phytohemagglutinin-stimulated peripheral blood leukocyte-conditioned medium, were effective in stimulating KG-1 cells were cultured at a density of 3 X 105 cells per ml in a medium containing 15% fetal calf serum in the presence or absence of human CSF (120 units/ml). The CSF was partially purified from medium conditioned by a human T-lymphocyte cell line. At various times after addition of CSF, cells were counted, and 3 X 105 cells in 1 ml of growth medium were labeled for 1 hr with a radioactive precursor: 0, [3H]uridine at 20OgCi/ml for RNA synthesis; 0, [3H]thymidine at 20,uCi/ml for DNA synthesis; and A, [14C~leucine at 10 ,Ci/ml for protein synthesis. The cells were then washed and lysed by addition of hypotonic buffer. Incorporation of label into nucleic acid or protein was determined by adding trichloroacetic acid to the lysate (10-15% by wt final concentration), incubating the mixture on ice for 1 hr, and collecting and washing precipitated material on glass-fiber filters. Values are plotted as the ratio 4 SEM of synthesis in the presence of CSF to that in the absence of CSF. The absolute amount of radioactivity (cpm) incorporated at zero time was about 195,000 (uridine), 250,000 (thymidine), and 12,800 (leucine). (19) except that the Ampholine mixture contained 1% pH 3.5-10 and 1% pH 5-7 Ampholines (LKB) and the second-dimensional gel contained 15% acrylamide. Gels were fixed, dried, and autoradiographed with Kodak XR-2 x-ray film. In the experiment shown here, CSF treatment stimulated methionine incorporation about 2-fold, and about 3 X 106 cpm was applied to each gel. The origin of the first-dimension gel (anode) is at the left. Molecular weight standards for the second dimension were bovine serum albumin (Mr 68,000), carbonic anhydrase (Mr 32,000), and f3-lactalbumin (Mr 18, 000 The stimulation of KG-1 thymidine incorporation by human CSFs was specific. The following hormones and growth factors had no discernible effect after 24 hr of exposure: bovine insulin (10 ng/ml), murine epidermal growth factor (50 ng/ml), human platelet-derived growth factor (0.1 unit/ml), human or sheep erythropoietin (3 units/ml), thyroxine (85 ng/ml), dexamethasone (10 nM (20) and granulopoiesis (21) in mice.
Several conclusions have emerged from these studies. First, human CSFs stimulate macromolecular synthesis by KG-1 at the level of DNA, RNA, and protein. Although homogeneous preparations of human CSF were not available for our experiments, it is highly unlikely that a contaminant in our CSF preparations was responsible for the stimulation of KG-1 cells. The activity stimulating KG-1 cofractionated with CSF activity when separations based on size (Fig. 4) , charge, and lectin binding were used. Moreover, the kinetics of heat inactivation of the two activities were not discernibly different. The magnitude of the stimulation of KG-1 synthesis by CSF was 2-to Fig. 1 . CSF from human placental-conditioned medium was partially purified by gel filtration chromatography essentially as described (6) (22, 23) . Third, the stimulation of KG-i protein synthesis by CSF was largely nonspecific; no qualitative, reproducible changes in the synthesis of polypeptides resolved by electrophoresis were observed. These results do not rule out the possibility that CSF differentially affects the synthesis of specific polypeptides present at very low concentrations and, therefore, not detected after autoradiography. In contrast, numerous qualitative and quantitative changes in protein synthesis were reproducibly observed when the leukemic cell line HL-60 was induced to differentiate to neutrophils in the presence of dimethyl sulfoxide or to macrophages in the presence of a phorbol ester (unpublished data).
The ability to detect cellular responses to CSF within hours, by use of stimulation of KG-i RNA synthesis, makes possible new experiments relating to the mechanisms by which progenitor cells recognize and respond to the factor. For example, it should be possible to determine whether the CSF-dependent stimulation is abrogated by prior treatment with proteases, implying the presence of a protease-sensitive cell surface receptor for CSF. An analogous experiment has provided evidence for a receptor for erythropoietin on erythroid progenitor cells (24) . Also, studies using inhibitors of receptor-mediated endocytosis (25) or of protein synthesis may help elucidate the mechanism by which CSF triggers cell proliferation.
Human CSFs from several sources stimulated KG-1 macromolecular synthesis in liquid culture as well as clonal growth in soft agar culture. The KG-I line appears to be unique among the human myeloid leukemia cell lines that have been established; the other known lines showed little or no response. A differentiated variant of KG-1, termed KG-la, that is only slightly responsive to CSF as judged by stimulation of colony formation in semisolid medium (16) , also showed decreased responsiveness to CSF in liquid culture as judged by [3H]thymidine incorporation.
In order to clarify the structural and functional relationships between various subclasses of CSFs and to examine the mechanism by which CSFs recognize particular target cells, it will be necessary to isolate CSFs from various human sources. The assay using stimulation of [3H]thymidine incorporation by KG-I in the presence of CSF should facilitate the purification and characterization of human CSFs. By using microtiter plates in combination with an automated cell harvester, it is possible to conveniently assay a large number of samples for CSF activity within about 2 days. In contrast, the standard colony formation bioassay is tedious and requires 1iO14 days. By using a variety of fractionation techniques for isolation of human CSFs, we have found that the results obtained with the [3H]thymidine incorporation assay and the colony formation bioassay have been entirely concordant.
